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                               Abstract. Our results demonstrate that photorefractive residual amplitude modulation 
(RAM) noise in electro-optic modulators (EOM) can be reduced by modifying the incident 
beam intensity distribution. Here we report an order of magnitude reduction in RAM when 
beams with uniform intensity (flat-top) profiles, generated with an LCOS-SLM, are used 
instead of the usual fundamental Gaussian mode (TEM00). RAM arises from the 
photorefractive amplified scatter noise off the defects and impurities within the crystal.          
A reduction in RAM is observed with increasing intensity uniformity (flatness), which is 
attributed to a reduction in space charge field on the beam axis. The level of RAM reduction 
that can be achieved is physically limited by clipping at EOM apertures with the observed 
results agreeing well with a simple model. These results are particularly important in 
applications where the reduction of residual amplitude modulation to the 10-6 is essential. 
 
1. Introduction 
 Electro-optic modulators (EOM) are essential devices in many high accuracy optical applications 
where a phase modulated optical field is required. Optical frequency references [1], gravity wave 
detection [2] and fibre-optic gyroscopic signal processing [3] are but a few examples of applications 
where the overall accuracy or sensitivity of the system depends on the purity of the modulation of 
phase that is impressed upon the incident field. However, EOMs generate unwanted amplitude 
modulation, often called residual amplitude modulation (RAM) that effectively is a noise source that 
limits the overall sensitivity of the system. There are various independent mechanisms that generate 
RAM in EOMs making it difficult to study and remove [4-9]. Recently, however, it was reported that 
one source of RAM in EOMs is intensity dependent and is caused by photorefractively amplified 
scatter that occurs in the electro-optic medium [4]. It was shown that even the weak photorefraction 
that is displayed by 5% magnesium-oxide-doped congruent lithium niobate (MgO:LiNbO3) when 
irradiated at low intensities is observable [10] and it produces RAM when the medium is used as a 
phase modulator [4]. Since the photorefractive effect depends on the transverse intensity distribution 
of the beam, it may prove possible to reduce RAM through optimal choice of intensity profile. The 
majority of lasers emit a beam that typically has a spatial intensity distribution that is described by a 
fundamental transverse electromagnetic mode (TEM00) Gaussian function.  
         In this paper we provide an experimental and theoretical investigation of RAM produced in an 
EOM when light that has a uniform intensity profile or ‘flat-top’ profile is incident on the EOM. Here 
the non-Gaussian intensity distributions are generated with a liquid crystal on silicon-spatial light 
modulator (LCOS-SLM) using the method of stationary phase, by varying the beam shaping or 
flatness parameter β  for a fixed value of the focal length f of the Fourier transform lens.  The results 
show that RAM decreases with increasing flatness since the increasing ‘uniformity’ of the intensity 
profile reduces the photorefraction. These results are of interest in applications such as optical 
frequency references where RAM limits the overall accuracy of the system.  
 
2. Residual amplitude modulation (RAM) in EOMs 
 Modulator induced RAM has been identified as a significant source of measurement uncertainty in 
high resolution laser spectroscopic techniques such as frequency modulation spectroscopy (FMS) [8, 
11, 12] and modulation transfer spectroscopy (MTS) [13], which are used for high accuracy locking 
of laser frequency to absolute references. RAM is also a problem for the  Pound-Drever-Hall (PDH) 
technique [14] when used for laser stabilization in interferometric detectors for sensing the strains 
induced by gravity waves [2] and fibre optic gyroscopes that use EOM to phase modulate the input 
laser beam [3]. Major factors that have been reported to generate RAM are; etalon effects due to 
reflections inside the crystal, temperature variations within the crystal, vibrations of optical 
components, scattering by impurities and defects, spatial inhomogeneities of the electric field inside 
the crystal, fluctuations in RF power and laser frequency drifts [12].  
         RAM arises when there is an imbalance in the sidebands of a phase modulated laser beam. The 
phase modulated sidebands have different optical frequencies and are spatially offset, and the level of 
RAM can be expressed as the ratio of the magnitudes of amplitude modulated sidebands to the phase 
modulated sidebands, which can be written as [4, 7]: 
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Here, )(T Ω+0ω  and )( 0 Ω−ωT represent the intensity transmission functions of the upper sideband 
and lower sideband, respectively, with the optical carrier frequency given by 0ω  and the angular 
modulation frequency is denoted byΩ . 
         It was reported previously that [4] an imbalance in phase modulated sidebands can arise from 
differing levels of photorefractively induced scatter and absorption from impurities or defects within 
the crystal. Zozulya et al. [15] described the photorefractive scattering or fanning as a nonlinear 
interaction between the different spatial harmonics in the electromagnetic Fourier spectrum of the 
incident radiation within the photorefractive medium. This asymmetric photorefractive scattering 
causes the amplification of some Fourier harmonics at the expense of others. This eventually results in 
a change in the spatial Fourier spectrum of the light and appears as an additional intensity noise at the 
output spectrum. The overall light induced refractive index changes in the photorefractive crystal have 
been attributed to a combination of the self-defocusing in the medium from the incident intensity 
profile (in this case Gaussian) and the photorefractive amplified scatter from impurities or defects [16] 
as given by: 
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 Here Gn∆  gives the magnitude of the intensity dependent refractive index change due to Gaussian 
spatial profile of the field, w is the radius of the beam, r is the transverse distance from the beam axis, 
and snδ is the refractive index change that leads to photorefractively amplified scatter.                
         The photorefractive index change is semi-permanent but can be removed by heating the crystal 
over 170°C causing the thermal excitation of trapped charges at the periphery of the incident beam 
into the conduction band [17]. Another method to erase the induced refractive index changes is by 
flooding the crystal with uniform illumination [18, 19] or with a larger diameter light beam, which 
photoexcites the originally trapped charges, allowing them to move beyond the extent of the original 
beam before being retrapped at the peripheries of the erasing beam [20]. Recently it was demonstrated 
that RAM produced in a MgO:LiNbO3 phase modulator can be suppressed by introducing an intense 
larger diameter laser beam to erase the photorefractive index changes that result from the intensity 
distribution of the incident beam [ie. the Gn∆  term in equation (2)] and the photorefractively 
enhanced scatter [ie. the Snδ  term in equation (2)] [21].  
         From equation (2) it is evident that in the case of a uniform intensity profile the contribution 
from the first term can be neglected, leaving the intensity dependent photorefractive amplified scatter. 
Therefore, beams that have a more uniform spatial intensity distribution than the TEM00 Gaussian 
mode should display less photorefraction and consequently lower levels of RAM.  Some support for 
this conjecture in doped LiNbO3 crystals was recently reported, where it was observed that the 
photorefractive self-defocusing effect is dominant for small incident Gaussian beam size whereas for 
large beam size the light induced scattering gets stronger and finally overwhelms the self-defocusing 
effect [22]. 
3. Experimental setup 
To investigate whether the spatial intensity distribution of the incident beam influences RAM, various 
‘flat-top’ beam profiles were generated and the RAM generated when the beam propagated through a 
5% doped MgO:LiNbO3 EOM was measured. A schematic of the experimental layout is given in 
figure 1. The measurements were performed with a 532 nm frequency doubled Nd:YAG laser that 
was phase modulated at 800 kHz using a commercial resonant transverse EOM, which employs a        
5 mol% MgO:LiNbO3 crystal as the electro-optic medium. The modulation index of the EOM was    
0.4 rad/V at 532 nm. The maximum output power of laser was 50 mW with a TEM00 beam radius of 
0.16 mm. The output from the laser was linearly polarized in a vertical plane with a polarization     
ratio > 100:1.  
 
               
 
Figure 1. Experimental setup for the measurement of RAM. (SLM: Spatial light modulator,          
GTH: Glan Thompson polarizer, f1, f2 and f3: Lenses, M1, M2: Mirrors, HWP: Half wave plate,  
EOM: Electro-optic phase modulator, PD: Photodiode). 
         The experimental realization of the flat-top beams was achieved using a phase only SLM. A half 
wave plate was used to rotate the polarization by 90 degrees, which is required for the oblique 
incidence optical setup of the SLM. Precise control of polarization was obtained using a Glan-
Thompson polarizer, which ensured the linearly polarized field incident at the EOM had a purity of 
better than 1:100,000. The SLM used was the Hamamatsu LCOS-SLM X10468-01, which is a 
reflective type of pure phase spatial light modulator. The effective area of the SLM was 16 ×12 mm 
and the input beam was collimated to illuminate the SLM mirror. The phase images were generated 
using Matlab simulations, which were sent to the SLM screen as 8-bit bitmapped images. The 
magnitude of the RAM was measured as the ratio of AC to DC component across a low noise 
photodetector. The AC beat amplitude at the modulation frequency was measured with a lock-in-
amplifier. 
4. Generation of flat-top beams 
 The spatial light modulator is a diffractive optical element (DOE) that has attracted much attention as 
it allows a diverse range of user defined beam intensity distributions to be realized [23-25]. These 
devices are based on liquid crystal on silicon (LCOS) technology in which liquid crystal is controlled 
by an applied voltage that modulates the wavefront of light beam. The phase distribution written on 
the LCOS-SLM can be changed easily by projecting a computer generated hologram (CGH) onto the 
SLM active area. The CGH contains all the information of the desired output that changes the input 
beam accordingly when displayed. Hence, a properly designed phase element can manipulate the light 
to almost any desired intensity profile. Some of the approaches used to obtain the phase element are 
the stationary phase, optimization and the Gerchberg–Saxton techniques [26]. Here we have used the 
method of stationary phase to obtain uniform intensity profiles from the fundamental Gaussian beam. 
         Romeo and Dickey [27] have derived a phase function for converting Gaussian into uniform 
profiles using the method of stationary phase that will allow the generation of flat-top beams with 
circular, rectangular or square cross sections. The phase function for converting the Gaussian beam 
into a rectangular flat-top profile is given by: 
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0i  denotes the half width of the output spot size in the respective dimensions,  f  is the focal length of 
the Fourier transform lens andλ is the wavelength of the incoming Gaussian beam. The 
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The beam shaping depends on the parameterβ  and the usual method is to change the focal length of 
the Fourier transform lens for a fixed output beam size. The parameterβ  gives an indication of the 
quality of the ‘flatness’ of the output. In the case of rectangular flat-top profile, a value of 32>β  is 
desirable since diffraction effects should not degrade the output flat-top profile as in the case of 
324 << β , where these effects are significant [26].   
         A DOE is usually designed to function in the first diffraction order (±1) by selecting the correct 
grating period. Here the intensity of the first order diffraction spot can be maximized by using the 
blaze technique [28]. The flat-top holograms were blazed using the method proposed by                     
R. Bowman et al. [29]. The standard plane phase grating that is blazed to maximize the intensity in the 
first diffraction order is given by [29]: 
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Here xp is the period of the grating that shifts the diffraction spot in the x-direction at a distance
xp
f
x
λ
=1 , where λ  is the wavelength of the incident field and f is the focal length of the Fourier 
transform lens. The axial shifting gives a complete control of the intensity maximized first order spot, 
without any overlap with the th0 order Gaussian.  
                  
 
                               
Figure 2. (a) The phase function required to generate a flat-top (b) a linear phase ramp (c) resulting 
blazed hologram with the first order shifted along the x-direction. 
 
          The grating used in this experiment contains 200 stripes, which correspond to a beam 
divergence of ~ 5 mrad that gives a well-separated first order intensity maxima. The blazed flat-top 
hologram is obtained by combining the phases in equation (3) and equation (5) and then performing a 
modulo π2 operation as illustrated in figure 2. Here the phase function for the rectangular flat-top 
profile is chosen because of the shape of the EOM crystal which also has a rectangular cross 
section. The flat-top beams are obtained by controlling the phase function in equation (3) using 
differentβ  values for a fixed focal length (f1 =150 mm) of the Fourier transform lens. Theβ  values 
chosen ranges from 0 to 100, where a value of 0=β results in a fundamental TEM00  Gaussian beam. 
The gray scale bitmaps produced phase changes that varied from 0 to π2 , were applied to the SLM 
generating flat-top profiles that were obtained at the Fourier transform lens f1. A CCD camera placed 
at the Fourier plane of a second lens f2 (75 mm), allowed the intensity distributions of the beams to be 
imaged and are shown in figure 3. An aperture placed at the Fourier plane of f1 allowed only the first 
order diffraction to be incident on the camera.  
  
Figure 3. The development of different flat-top profiles with increasing order of β , ( 0=β  
corresponds to the fundamental Gaussian beam) along with the normalized intensity distribution as a 
function of the radial position of the flat top beams.   
 
5. Dependence of RAM on the beam intensity distribution 
The flat-top beams obtained were polarized in a vertical direction and then sent through the 2 mm 
aperture of the EOM with the beam waist positioned at the centre of the EOM. The beam at the output 
of the EOM was focussed onto a low noise photodetector using another lens of focal length                 
f3 (100 mm). The Gaussian beam waist at the centre of the EOM was approximately 0.2 mm. The 
RAM was measured for beam spatial intensity distributions with a flatness parameter, β , ranging 
from 0 to 80, for an input intensity of 78 mW/mm2  (figure 4). 
          Each data point corresponds to 30 minutes time interval with a sampling rate of 1 second. The 
error bars represent ±1 standard deviation of the measured RAM values. The measurements were 
performed 3 times to ensure the reproducibility of the obtained data. The angle of incidence of the 
beam on the front facet of the EOM was 1.6o, to minimize RAM due to Fabry-perot etalon effects. 
Similarly all other beam properties were chosen in order to reduce RAM to as low a level as possible 
prior to any modification of the beam profile [4]. 
 
                                  
                      
Figure 4. The RAM as a function of the shaping parameter β . 
 
         The results in figure 4 show that RAM decreases from what is observed for a TEM00 Gaussian 
mode ( 0=β ) for 35≤β , with a minimum level of 10-6 reached for 35=β . Consideration of 
equation (2) shows that it is expected that RAM should decrease as the beam intensity becomes more 
uniform, since the refractive index change due to the self-defocusing effect resulting from the 
intensity distribution is reduced as the beam intensity becomes more uniform. In this situation the 
light induced refractive index change is mainly due to the intensity dependent photorefractive 
amplified scatter [ie. second term in equation (2)].  
         From figure 4 it can be seen that RAM increases for beam shaping parameters 35>β . This is a 
result of the clipping of the beam as it traverses through the 2 mm aperture of the EOM as well as the 
increased photorefractively amplified scatter that occurs with increasing beam diameter. While the 
beam diameter at the centre of the 40 mm long MgO:LiNbO3 crystal is the same for all beam shaping 
parameters, the diameter at the entrance and exit apertures is not. This is because the beam quality 
factor, M2, increases for increasing β  since the beam becomes a poorer approximation of a TEM00 
mode. As a result the beam divergence is larger and consequently the beam diameter at the entrance 
and exit apertures of the EOM is larger for beams with a largerβ . This, in conjunction with the 
increased photorefractive amplified scatter at larger beam diameters [22], result in RAM that is larger 
than was observed for 35≤β . 
The RAM produced when a beam encounters an opaque aperture after the EOM, has been previously 
studied [7, 8]. Using this, the effect of varying beam size through increasing the beam shaping 
parameter β  on RAM, through of clipping of the EOM entrance and exit apertures was calculated as 
given in [7]:      
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where, c is half the spatial separation of sidebands, w is the beam waist and x is the distance of the 
beam centre from the EOM aperture edge.  Figure 5 shows the calculated RAM values for different 
beam shaping parametersβ , which determines the beam diameter at the EOM entrance aperture. 
 
Figure 5. RAM due to clipping that arises due to the EOM output aperture. 
          The results in figure 5 are in good agreement with the experimental values in figure 4 for
35>β  since no appreciable increase in RAM occurs through beam clipping. Other visual evidence 
that supports this are CCD images of the beam exiting the EOM shown in figure 6 (a). As figure 6 (a) 
shows, the beam clipping appears to commence at around 75=β , and at higher values, for example
95=β , the clipping is clearly visible. This is also evident from figure 6 (b) where the clipping causes 
a sudden drop in the output power for higher β  values. 
 Figure 6.   (a) Beam clipping at the EOM aperture due to the increasing half width of flat-top beams 
for three different β values, 45, 75, 95 at the output of the lens f3, along with the normalized intensity 
distribution as a function of the radial position of the flat top beams and (b) the normalized output 
power as a function of β . 
6. Conclusion 
We have investigated the dependence of RAM on the intensity distribution of the beam incident upon 
an EOM by converting a Gaussian beam into a flat-top using a phase only spatial light modulator. The 
flat-top beams were generated by means of the phase only transmission function. A reduction in RAM 
was observed with increasing flatness due to the uniform intensity distribution, reducing the space 
charge field and the self-defocusing refractive index changes. The overall reduction in RAM is limited 
by physical constraints such as the diameters of the entrance and exit apertures of the EOM, which 
clip beams with large diameters. Clipping at the EOM apertures increases the amplitude noise 
significantly and is visually apparent at higher values of the beam shaping parameter β . The 
calculated values of RAM due to beam clipping at the EOM aperture agree well with the experimental 
data for 35>β . This study shows that it is possible to reduce RAM resulting from photorefractive 
effects by appropriately shaping the intensity distribution of the beam as long as the beam is not 
significantly clipped by the entrance and exit apertures of the EOM itself. 
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